Further discrete sources of radio emission were discovered, and radio interferometry provided the best means of measuring their positions with improved precision. in 1948 Ryle and Francis Graham Smith (later Sir Francis Graham-Smith; FRS 1970), discovered the brightest discrete source in the northern hemisphere, Cassiopeia a (Ryle & Smith 1948) , and in 1949 the australian radio astronomers John Bolton (FRS 1973) , Gordon Stanley and Bruce Slee succeeded in associating three of the discrete radio sources with remarkable nearby extragalactic astronomical objects (Bolton et al. 1949) . one was associated with the supernova remnant known as the Crab nebula; the others, Centaurus a and virgo a, were associated with the strange galaxies nGC 5128 and M87, respectively. in addition to the diffuse radio emission of our own Galaxy, these early surveys established the existence of a population of discrete radio sources, some concentrated towards the plane of the Galaxy, but many lying well away from it.
There was uncertainty as to whether the isotropic component of the source population was primarily associated with nearby radio stars in our own Galaxy or with distant extragalactic objects. Until the early 1950s, Ryle believed that the discrete radio sources were radio 'stars' belonging to our own Galaxy, whereas other astronomers including Geoffrey Burbidge (FRS 1968) , Thomas Gold (FRS 1964) and Fred (later Sir Fred) hoyle (FRS 1957) believed that they formed an extragalactic population. The scene was set for what were to be acrimonious debates about the nature of the radio-source population and its cosmological significance.
in 1951 Graham Smith used interferometry to measure the positions of the sources Cygnus a and Cassiopeia a with an accuracy of about 1 arcmin (Smith 1951) , and this led to their optical identification in 1952 by walter Baade and Rudolph Minkowski from observations with the Palomar 200-inch telescope (Baade & Minkowski 1954) . Cassiopeia a was associated with a young supernova remnant in our own Galaxy, whereas Cygnus a was associated with a faint and distant galaxy. The latter observation immediately showed that the radio sources could be used for cosmological studies. Fainter radio sources would lie at even greater distances and hence probe the Universe at epochs much earlier than the present. This was the observation that converted Martin Ryle to the notion that the isotropic population of radio sources observed away from the Galactic plane consists of distant extragalactic objects (Sullivan 2009 ). To address these issues, the distribution of many radio sources over the sky had to be determined to as low flux densities as could be detected with confidence and their nature established.
These challenges were to be the primary research motivations for the Cambridge Radio astronomy Group under Ryle's charismatic and driven leadership. Ryle put together a tightly knit group of physicists, including antony hewish (FRS 1968) , John Baldwin (FRS 1991), John Shakeshaft, Bruce Elsmore, Peter Scheuer, John Thomson and Robin Conway, as well as a strong support team of technicians and research students, many of whom were later to become leaders in radioastrophysics (figure 1). Ryle and derek d. vonberg had arrived in 1946, Graham Smith in 1947 and hewish in the following year. when John Baldwin joined the group in 1952, he was thus one of the 'second generation' of radio astronomers at Cambridge-he was to be at the heart of everything in the Radio astronomy Group during the subsequent exciting years of the development of the discipline.
coSMic radio SourcES oF largE angular SizE
The title of this section is also the title of John's Phd dissertation (7)*. when John began as a research student, the distribution of radio emission over the sky was poorly known and only the brightest radio sources had been catalogued. The physical process responsible for the radio emission was referred to as 'non-thermal' because it seemed to have a broadband spectrum, inconsistent with the expectations of an optically thin or optically thick source of thermal radiation. a priority was therefore the mapping of the whole sky to understand more about the nature of the emission and the discrete sources discovered by the pioneer radio astronomers. The first radio-source catalogue for the northern hemisphere was compiled by Ryle, Graham Smith and Elsmore and was made with a fixed spaced-aerial interferometer operating at 3.7 m wavelength with a half-power beam-width in right ascension of about 1.5° and 45° in declination; the catalogue contained 50 sources (Ryle et al. 1950 ). The sources were isotropically distributed on the sky but could not be associated with nearby galaxies or bright stars. as mentioned above, Ryle favoured a Galactic population of 'radio stars' because few of the sources could be associated with nearby galaxies. if they were extragalactic, their intrinsic luminosities would have been enormous. Greater collecting area and angular resolution were needed to determine the nature of the radio-source population, and to achieve this Ryle and hewish designed and constructed a large four-element interferometer to conduct a new survey of the sky at 81.5 Mhz (Ryle & hewish 1955) . Each element consisted of a cylindrical paraboloid 98 × 12 m 2 in surface area, and the array was oriented on an almost east-west baseline at the four corners of a rectangle. a large part of the effort of the group was devoted to the construction and operation of what became known as the 2C radio interferometer, the acronym referring to the second Cambridge catalogue, which came out of the survey. The telescope was located at the Rifle Range site, behind the university's rugby ground in Grange Road-coincidentally, Martin Ryle's house in herschel Road backed on to the Rifle Range. John participated fully in the construction and operation of the telescope, and the topics discussed in his dissertation were largely the result of observations with the 2C interferometer.
The 2C survey of radio sources was completed in 1954, and the first results were published in the following year, the authors being Shakeshaft, Ryle, Baldwin, Elsmore and Thomson (4) . Being an interferometer, the survey was ideally suited to the observation of compact radio sources. They found that the small-diameter radio sources were uniformly distributed over the sky and that the number of sources increased enormously as the survey extended to fainter and fainter flux densities. Ryle concluded that the only reasonable interpretation of these data was that the sources were extragalactic, that they were objects similar in luminosity to the radio galaxy Cygnus a and that there was a much greater co-moving number density of radio sources at large distances than there is nearby. as he expressed it in his halley lecture in oxford in 1955 (Ryle 1955 ):
This is a most remarkable and important result, but if we accept the conclusion that most of the radio stars are external to the Galaxy, and this conclusion seems hard to avoid, then there seems no way in which the observations can be explained in terms of a Steady-State theory.
These remarkable conclusions came as a surprise to the astronomical community, particularly when the physical nature of the sources was not understood and only the brightest 20 or so objects had been associated with relatively nearby galaxies.
This was the beginning of the famous debates over the reliability of the source counts from the 2C survey and their cosmological significance. The Sydney group led by Bernard Mills performed similar radio surveys of the southern sky at about the same time with the twodimensional Mills Cross Radio Telescope at Fleurs in new South wales, and they found that their source counts did not differ significantly from the expectation of uniform world models. in 1957 Mills and Slee stated (Mills & Slee 1957): we therefore conclude that discrepancies, in the main, reflect errors in the Cambridge catalogue, and accordingly deductions of cosmological interest derived from its analysis are without foundation. an analysis of our results shows that there is no clear evidence for any effect of cosmological importance in the source counts.
The controversy thus involved not only the proponents of the Steady State theory but also the competing radio astronomy group in australia. This was the dramatic background against which John conducted his Phd programme. while Ryle drove the programme of deep surveys for cosmological purposes, John's research concentrated on more local aspects of radio astronomy, in particular the sources of large angular size.
This work was of central importance for many aspects of radio astrophysical research. First, on the largest scale, the emission of our own Galaxy dominates the radio sky at low radio frequencies, and the understanding of its physical properties was crucial for interpreting the emission of the extragalactic component of the discrete source population. Second, the nature of the extended sources observed close to the Galactic plane had to be established. Third, the effect of sources with a large angular diameter on the counts of radio sources needed to be established. Mills had criticized the 2C counts on the grounds that, being made with an interferometer, such radio sources would have been omitted from the catalogue. These topics were tackled in John's Phd dissertation.
The issues were addressed by two surveys that John undertook with the 2C interferometer. The first of these was to use one element of the 2C system as a single radio telescope to map the whole of the observable sky from Cambridge at a frequency of 81.5 Mhz. This was accomplished by using the telescope as a transit instrument, thus obtaining a map of a strip of the celestial sphere every 24 hours. By tilting the telescope to different declinations, the whole sky could be mapped. These are notoriously difficult observations because the whole sky is very bright at these wavelengths and great care has to be taken to understand in detail the beam pattern of the telescope. Radio waves from bright sources are detected in the far-out sidelobes of the main antenna beam and so can cause errors all over the map. in addition there were the problems of the absolute calibration of the maps.
John performed a meticulous examination of the data and created a map of the radio distribution over the whole sky at a frequency of 81.5 Mhz (5), as well as discussing the role that various processes for the emission and absorption of radiation could play. For example, if the interstellar gas were ionized, bremsstrahlung absorption might be expected in the plane and halo of the Galaxy. This process could not be detected in his observations. The hypothesis that the diffuse radio emission of the Galaxy is synchrotron radiation had been proposed by Kiepenheuer (1950) and by Ginzburg (1951) . This was elaborated by Shklovsky (1952) . John adopted this picture and showed that this was a much more likely origin for the Galactic radio emission than the integrated emission of radio stars. a major part of his analysis concerned the origin of the diffuse radio emission away from the Galactic plane. The principal conclusion was that, in addition to the intense emission originating from the plane of the Galaxy, there is evidence for a roughly spherical halo of radio emission within which the emissivity was remarkably constant (6) . There was also evidence for an isotropic extragalactic component of the background radiation, as well as emission features such as that now referred to as the north Polar Spur. at that time it was thought that this feature might be associated with the local supercluster of galaxies, centred roughly in the virgo cluster, but this possibility was later discounted (11) . a way of testing the hypothesis of the presence of a radio halo in our Galaxy was to make observations of other nearby spiral galaxies. as part of his other programme of measuring the angular sizes of the radio sources, John was able to show that the angular extent of the radio emission of the andromeda nebula was similar to that of the halo of our Galaxy, but its emissivity was about one-sixth as large (2).
John's pioneering efforts were recognized by his colleagues. hugo van woerden has written, 'i first met John at the iaU assembly in dublin in 1955. he gave an excellent talk about the Galactic halo, very impressive for a 24-year old student. already then, he was a great scientist. ' The second part of his Phd studies concerned extended radio sources observed with the 2C antenna system. To estimate their angular sizes, the signals from the four elements of the 2C telescopes were correlated in a different way from that of the main survey so that extended sources missed in the main survey could be identified. only the brightest sources in the survey could be studied in this way, but he succeeded in producing a list of bright small angular diameter sources (θ < 20 arcmin) and larger sources for which Gaussian half-widths could be estimated (7). The compact sources included Tycho's and Kepler's supernova remnants (10) and the Crab nebula (3), and the extended sources included objects both within our own Galaxy, such as the Cygnus X complex and the supernova remnant iC 443, and extragalactic objects associated with the andromeda nebula (M31), the giant elliptical galaxy M87 (8) and the Perseus cluster of galaxies (1). The counts of the objects away from the Galactic plane indicated that they formed an extragalactic population, whereas those at low latitudes were consistent with a disc distribution of sources. another outcome of these studies, combined with other observations between 38 and 500 Mhz, was the demonstration with Graham Smith and Patrick o'Brien that the compact source in the Galactic Centre had a non-thermal spectrum (9). The papers resulting from his dissertation represented the state of the art in the youthful discipline of radio astronomy.
John was elected to a James Clerk Maxwell studentship in 1955 and to a research fellowship at Queens' College in 1956. in 1957 he was appointed a university demonstrator, the Cambridge name for an assistant lectureship at that time. Then, in 1958, he became an official Fellow and assistant director of Studies in natural Sciences (Physics) at Queens'. thE 3c, 4c and 38 Mhz SurvEyS By the mid 1950s it was clear that, despite the controversy over the number counts, radio astronomy held out the prospect of new ways of tackling astrophysical and cosmological problems. already, the observations provided information about two components of the Universe that were not readily accessible to optical astronomy: fluxes of high-energy electrons and large-scale magnetic fields. The errors in the 2C catalogue were primarily associated with the phenomenon of 'confusion' in which the flux densities of sources were overestimated because of the presence of faint radio sources in the telescope beam. The 2C catalogue contained about 2000 sources, but most of them were well beyond what would now be considered an acceptable confusion limit. over the period 1957-59, John was one of the team who upgraded the 2C four-element interferometer to a frequency of 159 Mhz, thus providing twice the angular resolution in right ascension and declination, 1.2° × 7° respectively. The new catalogue was referred to as the third Cambridge catalogue (3C) of radio sources and contained 471 sources between declinations −22° and +71°, with a flux density greater than 8 Jy (jansky) (12).
Meanwhile, Ryle was pushing ahead with the construction of a yet larger interferometer with which to conduct a new survey of the sky with higher angular resolution and greater sensitivity at the slightly higher frequency of 178 Mhz. The construction of what became known as the 4C telescope array was completed in time for the opening in 1957 of the Mullard Radio astronomy observatory at lord's Bridge, about 10 km southwest of Cambridge, which was created thanks to the generous gift of £100 000 by the Mullard electronics company. The 4C antenna system again consisted of a tiltable large cylindrical paraboloid, which was combined with an antenna that could be moved in the north-south direction to provide an interferometer with high sensitivity and resolution in both right ascension and declination (Ryle 1957) . among the first projects conducted by andrew Bennett was to use the long element of the 4C array as a total-power instrument to make a new survey of the whole northern sky. This revised Third Cambridge catalogue (3CR) contained 328 sources with flux densities greater than 9 Jy at 178 MHz with declinations greater than −5° and became the standard catalogue of bright radio sources in the northern hemisphere (Bennett 1962) .
John and his graduate student Tony Turtle used the fixed element of the 4C interferometer to conduct a survey of the radio emission of the Galaxy at 178 Mhz, but now with an angular resolution of 13.4 arcmin in right ascension and 4.6° in declination (13) . all the issues that John had had to deal with in his earlier work at 81.5 Mhz reappeared in this study, which involved careful calibration of the radio flux density scale and corrections for the far-out sidelobes of the primary beam. as they noted:
an examination of the maps reveals that there is considerable structure in the distribution of radiation at high galactic latitudes. Much of this is associated with the many spurs of emission which project from the galactic plane in addition to the well-known spur at l ii = 30°.
in addition, the survey provided an upper limit to the background isotropic radio emission, which was an important constraint on the interpretation of the counts of extragalactic radio sources.
The determination of the continuum spectra of the sources observed in these large radio surveys was important in identifying the physical processes involved. The radio astronomy group therefore conducted surveys at other wavelengths at the lord's Bridge observatory, where there was no lack of space for telescope arrays. To complement the new surveys at 159 and 178 Mhz, Graham Smith initiated a corresponding sky survey at 38 Mhz. This telescope referred to as the 38 Mhz T Synthesis Telescope operated from 1959 to 1966. at this frequency, the effects of the ionosphere were more important than at the higher frequencies. Corrections had to be made for both ionospheric absorption and diffraction, in addition to the problems of radio interference. John was deeply involved in understanding how to correct for these effects and for eventually creating sky maps and source catalogues at 38 Mhz with Phil williams and Sidney Kenderdine (14) . The outcomes were data over a sufficiently wide range of frequencies to provide accurate spectral indices of the sources and the background features. From the point of view of astronomical technique, this understanding of the effects of ionospheric diffraction and how to correct for them were to have an influence on John's thinking when he turned his attention to optical interferometry in the 1980s.
The non-thermal nature of the extragalactic source population had been well established by the mid 1950s, and the emission mechanism had been identified as synchrotron radiation. an important feature of the observations was the discovery that many of the most compact sources displayed a spectral cutoff at low frequencies, which was identified with the process of synchrotron self-absorption that occurs in sources of extremely high brightness temperature. it turned out that many of these compact radio sources were radio quasars (williams & Collins 1967), which were identified as the very energetic nuclei of active galaxies in 1963 (Schmidt 1963 ).
The wide frequency range and large source statistics enabled John and Paul Scott to identify a small but important population of very-steep-spectrum radio sources, which were mostly associated with rich clusters of galaxies that were also strong X-ray sources (21). Their preferred interpretation was that the hot gas responsible for the X-ray emission could confine the clouds of relativistic plasma for such a long time that the effects of synchrotron radiation losses would steepen the standard radio spectrum.
in 1967 John presented a major review of the non-thermal radio emission from the Galaxy at the 31st Symposium of the international astronomical Union on 'Radio astronomy and the Galactic System'. This was a comprehensive survey of the properties of the radio emission from our Galaxy and summed up the work of the radio astronomy group, including the observations of his graduate students Bryan andrew and Chris Purton, and of others (15) . it remains a model of clarity and judicious assessment of the data in the light of the many problems of observation and interpretation. in particular, he established beyond any doubt that the same flux of relativistic electrons observed as cosmic rays at the top of the atmosphere were part of a flux of particles that permeates the whole Galaxy with the same non-thermal distribution of electron energies.
after
thE halF-MilE tElEScopE during the 1950s Ryle came up with the concept of Earth-rotation aperture synthesis. To obtain all the information necessary to reconstruct what would be observed by a filled-aperture telescope, the interferometer has to have moving elements to ensure that all the relative spacings are obtained. in Earth-rotation aperture synthesis, the movement of the small telescopes relative to one another as observed from a point on the celestial sphere is achieved by the rotation of the Earth (Ryle & hewish 1960) . when these observations are combined in phase, all the information obtained from the annulus of a large telescope is obtained. Ryle demonstrated this technique in a survey of the north Celestial Pole with ann neville (Ryle & neville 1962) , and this breakthrough in sensitivity and resolution led to the funding of the one-Mile Telescope, the world's first fully steerable Earth-rotation aperture synthesis radio telescope. The construction and development of these telescopes was a virtuoso feat of mechanical, electrical and electronic engineering, Ryle being involved in every aspect of their construction.
To provide complete coverage of what is now referred to as the aperture plane, one of the three telescopes of the one-Mile Telescope was mounted on a railway track half a mile in length. This telescope could be moved once a day along the track until the complete aperture plane was covered. These observations sampled the Fourier transform of the distribution of radiation within the primary beam of the telescope, and so these data could be inverted to reconstruct the radio image of that part of the sky. This telescope enabled deep surveys of the sky to be conducted, resulting in a sequence of 5C surveys, as well as providing high-resolution maps of the individual sources (Ryle et al. 1965 ). This telescope was the first of a new generation of aperture synthesis telescopes that was to include the westerbork Synthesis Telescope in The netherlands, the very large array in the USa, the australia Telescope, and the Giant Metre-wave Radio Telescope in india. it was the precursor of Ryle's masterpiece, the 5 km telescope.
John realized that he could make excellent use of the railway track of the one-Mile Telescope by building a smaller Earth-rotation aperture synthesis telescope that would have a fixed element at the far end of the track and another that could be positioned along the halfmile of the track when the one-Mile moving telescope was filling in short spacings. later, two additional antennae were added to the system, one fixed and one moving. The half-Mile Telescope was used to create the first aperture synthesis maps of the hyperfine neutral hydrogen line at 1.4 Ghz (21 cm wavelength) in nearby galaxies (17) . The telescope acted as a radio imaging spectrometer so that the velocity distribution of the neutral hydrogen in nearby galaxies could be determined. This was a considerable technical achievement, and velocity fields and neutral hydrogen distributions were obtained for a small number of nearby galaxies including M33, M31 and iC 342 (18) (19) (20) 28) . Knowing the velocity field in these galaxies, John and his colleagues were able to make estimates of the rotation curves and hence the mass-to-light ratios in spiral galaxies (22, 23). The telescope operated from 1967 to 1974 and opened up the field for larger synthesis telescopes operating in the 21 cm line. as hugo van woerden remarked, 'in the sixties his work on neutral hydrogen in galaxies with the half-Mile Telescope set the scene for our later work at westerbork. ' The telescope was also used to create polarization images of the continuum radio emission of extended radio sources (16) . it also made searches for the h i emission of 'pancakes' that had been predicted to form in the adiabatic baryonic model of structure formation, but without success (31). thE 6c, 7c and 8c radio-SourcE SurvEyS after the half-Mile Telescope project completed its programme of observations in 1974, John turned his thoughts to conducting a new survey of the sky, making full use of the advances in computational capability that had taken place since the surveys of the 1950s and 1960s. The astronomical motivation for the survey was the discovery of sources with steep radio spectra and low surface brightnesses, which he and Paul Scott had shown were often associated with rich clusters of galaxies (21). The result was the 6C project, an east-west aperture synthesis telescope operating at 151 Mhz. with characteristic ingenuity, John and his colleagues designed a simple, inexpensive interferometer system in which the individual telescopes consisted of four 10-element Yagi aerials. in all, 42 of these units were positioned along a 1.37 km baseline located near the one-Mile Telescope and provided 440 simultaneous baselines (25).
The antennae did not track the sky but acted as a fixed array. Complete coverage of the aperture plane was achieved by changing the zenith angle along the axis of the array on successive days. in this way, complete data were acquired just as efficiently as if the array had tracked a particular region of sky. The array was designed to minimize the effects of ionospheric irregularities on the synthesized beam and had sufficient resolution to avoid the effects of source confusion. Economy was a key feature of the programme, the total system costing only £30 000. The price paid for simplicity in design was increased complexity in the data analysis. The resulting synthesized beam of the array had an angular resolution of 4.2 × 4.2 cosec δ arcmin 2 with a sensitivity of about 30-50 mJy per beam and a field of view of about 9° × 9°: δ is the declination of the survey area. The result of patching together the 9° × 9° areas in each set of observations was the 6C survey, which covered most of the northern hemisphere at declinations greater than 30° in directions away from the Galactic plane (30, 35, (38) (39) (40) (41) .
The first fruits of this survey were not long in coming. The first survey near the north Celestial Pole discovered a double radio source of angular size 1.2° associated with the bright galaxy nGC 6251 (26). The corresponding physical size was about 3 Mpc, by far the largest radio source in the northern sky. By combining these observations with those made with the 5 km telescope, they showed that the distribution of radio emission is very narrowly collimated from small scales within the galaxy to the largest physical scales (29) .
The success of the 6C project led to the extension of the baseline to 4.6 km, enabling a similar survey to be conducted with three times greater angular resolution, 70 × 70 cosec δ arcsec 2 (37). The telescopes of the 6C survey were motorized so that they could track the same patch of sky over a 12-hour observing period. Their number was increased to 60 and the telescope array was moved to a location along the track of the 5 km telescope. The number of simultaneous baselines was increased to 776. This much-enhanced telescope system was named the Cambridge low-Frequency Synthesis Telescope (ClFST) and resulted in the 7C catalogue, which listed 43 683 sources over an area of about 1.7 steradians (46) . in addition, a separate catalogue was published for the 7C Galactic Plane survey (7CG).
The 6C and 7C surveys provided reliable catalogues at 151 Mhz, but the discovery of steep low-frequency radio sources required a survey at a much lower frequency, and this was undertaken at a frequency of 38 Mhz, inspired by the success of the 151 Mhz surveys. Under the supervision of John and his long-time associate Peter warner, the 8C 38 Mhz survey was undertaken by nicholas Rees for the region of the northern sky north of declination δ = 60°. The same principles were employed, but the telescopes of the array consisted of fixed single 10-element Yagi aerials for 38 Mhz that used the same electronics and path compensation facilities as the ClFST. The resulting system consisted of 58 telescopes providing 742 independent baselines. The final source catalogue contained about 5000 sources. The angular resolution was 4.5 × 4.5 cosec δ arcmin 2 , and the limiting flux density over much of the survey area was about 1 Jy. Both figures were an improvement by nearly an order of magnitude over previous surveys at this frequency (Rees 1990 ).
These surveys were important precursors of the current initiatives in low-frequency radio astronomy, including the loFaR project in The netherlands and, in the future, the Square Kilometre array project. as George Miley has written, 'The 38 Mhz 8C survey is still the best survey below 50 Mhz and was an important stimulus for the next-generation low-frequency arrays, such as loFaR.' phaSElESS apErturE SynthESiS in the 1970s John published, with Peter warner, two important papers (24, 27) on the subject of phaseless aperture synthesis. in the standard procedure, both the amplitudes and phases of the waves, as measured by two separated aerials, are cross-correlated, resulting in the amplitude and phase of the signal at one point in the aperture, or Fourier, plane. in some observations, measurements of the phases of the signals may not be obtainable, for example because of instabilities in the receiving equipment, or variations in the path length through the ionosphere or troposphere. in their first paper (24) they demonstrated how aperture synthesis images could be reconstructed from the cross-correlation functions between pairs of telescopes, provided that the flux density of one of the point sources far exceeded that of the sum of all the fainter sources in the field. This procedure is similar to that used in the determination of the structures of complex molecules by the heavy-atom method in X-ray crystallography, or in the use of a reference beam in the construction of holograms. The experimental validation of the technique was performed using observations of a region close to the north Celestial Pole with the half-Mile Telescope. The technique was used by Riley & Pooley (1978) to map the radio source 3C 123 at 15 Ghz with the Ryle Telescope.
These procedures were generalized in the second paper (27) to the case in which there was no dominant single source or in which the sources had complex shapes. They validated the procedures by using observations of a field from the 7C survey. These were important steps in improving the methods for the reconstruction of images from interferometric data without explicitly using the phase data. Further developments were to include closure phase and self-calibration, which have now become the standard data reduction techniques in radio astronomy, particularly in very-long-baseline interferometry.
optical and inFrarEd apErturE SynthESiS
Beginning in the 1980s, John took up the challenges of applying the ideas that he had developed over the years in radio interferometry to optical and infrared wavelengths. The first paper to demonstrate how the concepts of closure phase could be applied at optical wavelengths was published with warner, Chris haniff and Craig Mackay in 1986 (32). The problem they addressed was the long-established fact that the angular resolution of long-exposure optical images taken with large telescopes at the best sites is limited by atmospheric phase fluctuations to about 0.5-1 arcsec, some 10-50 times poorer than the theoretical diffraction limit. The approach they adopted was to make measurements of the visibilities and closure phases of fringe patterns observed in short-exposure images taken through an aperture mask consisting of three or more holes in the optical train of a large-aperture telescope. in their paper of 1986 they reported the first successful application of the technique, as well as demonstrating that the technique could be used to image objects as faint as 15th magnitude. The first optical images to be obtained with these techniques were reported in the following year (33) . They demonstrated that the technique resulted in images with a good dynamic range even when the number of photons in each short exposure was small, meaning less than 100 photons per exposure. among the highlights of these pioneering observations was the imaging of bright structures on the surface of Betelgeuse, which were associated with holes in the photosphere of this supergiant star (36) .
with the technical understanding of how the problems of astronomical seeing could be overcome with these techniques, John and his colleagues received funding to build a prototype optical interferometer at lord's Bridge, which became known as the Cambridge optical aperture Synthesis Telescope (CoaST; figure 2) (34). The instrument eventually consisted of four telescopes with a maximum baseline of about 100 m. The signals were combined in an underground bunker containing four rail tracks with precisely movable trolleys that provided the path compensation as the telescopes tracked the target over the sky. The system was designed to provide real-time corrections to the signals from the four telescopes to eliminate the effects of atmospheric seeing. as John remarked to me, the problem of conducting optical aperture synthesis was not one of optics, but rather of the development of ultra-high-precision control systems. CoaST produced aperture synthesis images with an angular resolution of about 1 milliarcsecond, roughly 30 times better than the sharpest images obtained by the hubble Space Telescope.
as well as imaging variable structures on the surface of nearby giant stars, the variation of the diameters of pulsating stars was observed (42, 43), as well as measurements of the orbits of close binary stars (44) . These pioneering observations and the elucidation of the many problems to be addressed and overcome were outstanding contributions to astronomical technique. John and the team made many contributions to the Society of Photo-optical instrumentation Engineers (SPiE) conferences on optical interferometry (these papers are included in John's complete bibliography; see the end of the text). harry van der laan wrote, 'when in ESo we pushed vlT interferometry in the late eighties/early nineties, the work of John and his Cavendish team was admired and served to challenge our team. ' The legacy of John's achievements in optical synthesis imaging is the involvement of the Cavendish astrophysics Group in the optical-infrared interferometer at the Magdalena Ridge observatory. The Cambridge contributions to that project are led by Chris haniff and david Buscher and involve the provision of the precise trolleys and their control systems that will enable the path compensation to be performed over a 400 m baseline with six telescopes in the first phase, and ten telescopes once the system has been fully developed. This system will be sensitive enough to image the nuclear regions of 14th-magnitude active galactic nuclei with an angular resolution of 1 milliarcsecond.
after his retirement in 1999 (figure 3), John continued his active involvement in optical aperture synthesis and also became involved in another approach to high-resolution optical imaging in collaboration with Craig Mackay. The lucky imaging system involves taking a sequence of images of a field containing a bright reference star at a rate exceeding 10 frames per second in the I-waveband (0.9 nm) (45) . although each short exposure suffers different atmospheric turbulence effects, resulting in rapid variations in image quality, the final image is created by selecting and co-adding only those frames that meet a well-defined quality criterion. in their observations with the 2.56 m nordic optical Telescope, essentially diffraction-limited I-band images were obtained with the advantage that the images gave excellent angular resolution over a reasonably wide field of view: for the observations reported in 2006, the field of view was 40 arcsec in diameter.
Right up to the months before he died, John was uncovering new features of the fluctuations in the refractive index of the atmosphere at optical wavelengths that were not only surprising but also offered new opportunities for optical imaging. John's contributions to national and international astronomy were very extensive. he served on many panels, committees and boards of the Science Research Council and the Science and Engineering Research Council and was widely sought after internationally as an advisor on radio astronomical observatories. These included radio observatories in France, The netherlands, australia, Brazil and the USa, and the European Southern observatory. he was vice-President (1982-85) and then President (1985-88) of Commission 40 (Radio astronomy) of the international astronomical Union.
in addition to his distinction as a scientist, John was a brilliant teacher and supervisor of graduate students. he lectured across all three years of the natural Sciences Tripos, teaching electricity and magnetism, waves, optics, relativity, classical mechanics and observational cosmology. Richard hills, now Project Scientist for the atacama large Millimeter/submillimeter array (alMa) project, has written:
John is of course one of the main reasons i am in Radio astronomy-he was my director of Studies when i first came to Cambridge and i soon learned that trying to think about things and do them in the way that he did was a pretty good way to go.
he became a life Fellow of Queens' on his retirement in 1999. in his second period as a Fellow he sat on several committees, including the Stipends Committee and the Review Committee, of which he was for a time Chairman, and the Council of the Union. Until 2008 he had been on the Committee looking at the redevelopment of 'the Round', the car park area at the entrance to Queens'. in everything he did, he sought out the innovative and imaginative route to new science and quietly got on with it while remaining on the best of terms with all his colleagues. in reviewing his many contributions to astronomy and astronomical technology, it is apparent that his influence far exceeded his published output of scientific papers. his natural modesty and his promotion of the work of his graduate students meant that his name does not figure as prominently as might have been expected in the scientific literature. nevertheless, his influence and insight are clearly present in the work of his colleagues, associates and students. pErSonality and privatE liFE John married Joyce Cox, a member of the scientific staff of the laboratory for Molecular Biology in Cambridge, in 1969. he and Joyce were keen opera-goers, and i have fond memories of opera outings with them. From his earliest days John had a love of the outdoors and mountains, enjoying many walking and trekking holidays with Joyce in Scotland and Europe and the himalayas, with time to enjoy the wildlife and flowers. a trip to Central asia organized by George Band, a friend from his undergraduate days and a member of the team that made the first ascent of Everest, included a visit to Samarkand and the observatory built by Ulug Bek, the grandson of Tamerlane, where John was in his element. in recent years, John and Joyce were keen visitors to local nature reserves and supporters of wildlife conservation organizations.
John's friendship, good humour, wisdom and deep physical understanding will be remembered by all of us who knew him. in a letter to me only a week before his death he wrote, 'Meanwhile my interest in life remains undimmed. ' his positive and optimistic attitude, as well as his intellectual distinction as a scientist, changed for the better the lives of all of us who had the privilege of knowing and working with him.
John is survived by Joyce. They had no children. rEFErEncES to othEr authorS
